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ABSTRACT 
In high-bit-rate fiber communication systems, the processing of data signals at tens 
of GHz rate is often required. To eliminate the bottleneck in optical-to-electrical 
(OE) and electrical-to-optical (EO) conversions, it is desirable to develop an all-
optical approach for the different processes. Hence, signal processing based on 
optical nonlinearities plays a unique role in the processing of signals for fiber 
communications. In order to develop an ultra-fast, a simple, and a stable system for 
the future optical networks, all-fiber non-interferometric techniques will be adopted 
for use in new applications of signal processing. 
In this thesis, we exploit the phase modulation of light for applications in optical 
signal restoration and wavelength conversion, different types of optical data format 
conversion, and all-optical wavelength multicast. Both the dispersion-shifted fiber 
(DSF) and the photonic crystal fiber (PCF) have been used as the processing 
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medium. The results are promising and indicate that the fiber Kerr nonlinearity can 
be directly used for different purposes without relying on the use of interferometric 
techniques to turn phase modulation into intensity modulation. 
We first demonstrated the scheme of extinction ratio enhancement and wavelength 
conversion. The scheme makes use of cross-phase modulation (XPM) in a DSF. A 
2.5 GHz retum-to-zero (RZ) output signal has been restored from a distorted input. A 
4.7 dB extinction ratio improvement is achieved and the bit-error rate floor is 
removed. 
Amplitude information can be converted into phase information by nonlinear phase 
modulation in a dispersive medium. We propose and discuss all-optical amplitude 
shift keying (ASK) to differential phase shift keying (DPSK) modulation format 
conversion based on XPM in a nonlinear fiber. Unlike the use of XPM in a 
semiconductor optical amplifier (SOA), XPM in fiber does not suffer from the 
pattern effect and cross-gain modulation (XGM). The amplitude-modulated data can 
be effectively copied to the phase of an optical probe signal. Furthermore, all optical 
orthogonal code modulation has been introduced as a solution to enhance the 
bandwidth of the network. 
All-optical wavelength conversion and data conversion from retum-to-zero (RZ) to 
non-retum-to-zero (NRZ) format are necessary processes for interfacing all-optical 
networks and have been demonstrated experimentally in this thesis. With the self-
phase-modulation (SPM) approach, the basic scheme makes use of the spectral 
broadening effect together with group velocity dispersion. In contrast, the XPM 
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approach relies on spectral broadening together with walk-off between the pump and 
the probe lights. Comparing to other schemes, our approaches are relatively stable 
and simple operation, and are less susceptible to environment disturbances. 
Another important application of fiber Kerr non-linearity is in NRZ to pseudo-retum-
to-zero (PRZ) format conversion. The conversion is important for use in future all-
optical clock recovery and signal regeneration systems. In this thesis, we have 
proposed a simple technique for NRZ to PRZ format conversion through SPM in a 
DSF. An optical band-pass filter is used and is set to be slightly away from the 
original center wavelength of the input signal. The output is extracted from the short-
wavelength side of the broadened spectrum. The output pulse width is determined by 
the sharpness of the trailing edge of the signal. We observe an improvement of 14.3 
dB in the power of the RF clock component in the output data. 
Multi-channel broadcasting, whereas the input signal is simultaneously wavelength 
converted to multiple channels at different wavelengths, has received much attention 
in recent years. Different schemes have been reported to achieve the purpose. 
However most of the schemes require a number of external input light sources. In 
order to simplify the technique of wavelength multicasting, we have demonstrated a 
new method to generate an output up to 6x10 Gb/s based on SPM in a PCF. The 
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ALL-FIBER SIGNAL PROCESSING TECHNIQUES 
USING NONLINEAR PHASE MODULATION OF LIGHT 
1. INTRODUCTION 
Self phase modulation (SPM) and cross phase modulation (XPM), which originate 
from the perturbation of refractive index in a nonlinear medium, have a tremendous 
impact for all-optical signal processing in future optical fiber communications. There 
are many recent researches focusing on optical-nonlinearities, including new type of 
fibers (e.g. photonic crystal fiber) and their applications in future optical networks. 
All-optical signal processing using phase modulation in a fiber is a potential solution 
for many applications that may be realized in the future. In this chapter, some 
potential applications will be reviewed and discussed, including extinction ratio 
enhancement, RZ to NRZ format conversion, ASK to DPSK format conversion, 
NRZ to PRZ format conversion and wavelength multicasting. 
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1.1. New challenges in telecommunication 
The increasing traffic in fiber communication systems has prompted the 
requirements for signal restoration and signal processing at tens of GHz. The 
traditional approach, in which the high-speed signals are processed in the electrical 
domain，has major limitations in terms of the speed performance, cost, and flexibility 
owing to the dependence on optical-to-electrical and electrical-to-optical conversions 
of the signals. The bottleneck can be eliminated using all-optical processing of 
photonic signals. 
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1.2. Introduction to optical non-linearity and its impact to optical 
network 
Third-order optical non-linearity plays an increasingly significant role in the design 
of high-capacity optical systems. The nonlinearity becomes particularly important in 
an optical fiber when the group velocity dispersion is weak. Fiber nonlinearity can be 
applied for use in all-optical signal processing which plays a major role in future 
optical networks. 
The optical non-linear effect is due to the refractive index change with optical power. 
The non-linear refractive index is responsible for the intensity dependent phase shift 
of the optical signal. This dependency tends to modify the propagation characteristics 
of the optical pulses and leads to interaction between different pulses. In recent years, 
detailed studies focus on characterizing optical non-linear response and improving 
the knowledge of the different physical mechanisms contributing to the 112 
coefficient, including nonlinear effect in single semiconductor optical amplifier 
(SOA)，SOA based Mach-Zehnder interferometric, nonlinear optical loop mirror 
(NOLM), terahertz optical asymmetric demultiplexer (TOAD)...etc. 
Among the different methods, self-phase modulation and cross-phase modulation 
based on fiber Kerr non-linearity are the preferred candidates for signal processing 
owing to their ultra-fast responses in the order of lO'^V Compared with the 
operation of semiconductor optical amplifier based devices that are often limited by 
the carrier recovery time (-100 ps)，the pattern effect will not appear to distort the 
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signal at a high operating speed. The all-fiber processing approach also eliminates 
the need for free-space light coupling that is often associated with a power penalty. 
To simplify the detection of phase modulated signals, the interferometric method is 
often used to translate the phase change to intensity change. However, the output 
from an interferometer is often not stable and is sensitive to environmental 
perturbations. Also, there are constraints on the width and the power of the control 
pulses. In contrast, the non-interferometric approach exploits the spectral broadening 
of the original signal that is determined by the rate of the phase change. The output 
signal is extracted at a slightly shifted wavelength from the broadened spectrum 
using an optical filter. The non-interferometric configuration is relatively simple, 
stable, and in principle can operate up to hundreds of GHz, which make it a desired 
solution for future optical networks. 
In this thesis, nonlinear phase modulation of the guided light in an optical fiber is 
used for high-speed signal processing. Different types of experiments that deal with 
self-phase and cross-phase modulation of optical pulses are presented here to achieve 
a wide range of purposes. 
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1.3. Applications of optical nonlinearity 
1.3.1. Extinction ratio enhancement and wavelength conversion 
There are many sources to degrade the signal quality and extinction ratio (ER) in the 
optical network, such as interference produces by nonlinearity effect, homodyne and 
heterodyne crosstalk from add-drop multiplexer, amplified spontaneous emission 
(ASE) noise from optical amplifier, attenuation and dispersion in fiber. However, 
optical amplifier can only increase the signal intensity, but not helping to improve 
the eye closure characteristic. The degradation in extinction ratio leads to error in 
receiver detection. Thus, extinction ratio enhancement is required for long-haul 
transmission. 
Various strategies have been investigated to achieve all-optical extinction ratio 
enhancement in recent years. It can be realized by terahertz optical asymmetric 
demultiplexer (TOAD) [1], four-wave mixing (FWM) in SOA [2], self-phase 
modulation in SOA [3], non-linear optical loop mirror (NOLM) [4]. 
Apart from using SOA and loop mirror, a dispersion-shifted fiber (DSF) is used as 
the non-linear media for extinction ration enhancement that has the advantage of 
ultra-fast Kerr nonlinearity. This simple and more robust configuration has many 
advantages such as simplicity and polarization insensitivity. This system can be 
performed over wide wavelength range and the bit rate is only limited by the 
required input signal power. 
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1.3.2. All optical ASK to DPSK converter 
Differential phase-shift keying (DPSK) has attracted significant attentions in research 
and development during the last several years. Several transmission experiments 
have recently been reported using differential phase-shift keying (DPSK) modulation 
format with balanced detection at channel data rates up to 160 Gbit/s [5-7]. 
Compared with amplitude-shift keying (ASK), DPSK modulation format has several 
advantages. First, a 3 dB improvement in receiver sensitivity due to the balanced 
detection scheme is expected [8]. This gives an increased system margin, which can 
be used to reduce the input power to the fiber spans or to increase the length of the 
fiber link [5-7]. Moreover, as the DPSK modulation format has lower peak powers 
and constant amplitude, it reduces fiber nonlinearity induced effects such as self-
phase modulation (SPM) and cross-phase modulation (XPM) [9]. In addition, some 
recent research shows that DPSK format is more tolerant to XGM and pattern-
induced degradation in SOA [10, 11]. DPSK format is a new trend for future optical 
network, and there may be a requirement for interfacing the traditional ASK system 
to DPSK networks. Therefore, ASK to DPSK format conversion is essential for 
future optical network. The simplest way for conversion is by means of a phase 
modulator. However, O-E-0 conversion is needed, which limited the maximum 
operation bit rate. Therefore, all-optical ASK to DPSK format conversion is 
proposed and demonstrated. 
Besides interconnect systems with different data format, optical orthogonal code 
(OOC), with DPSK acts as label or payload, is also proposed to be used for data 
routing. Recent reports have shown that amplitude shift keying/differential phase-
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shift keying ASK/DPSK is particularly suitable for future multi-protocol label 
switching (MPLS) optical network, which can simplify route lookup and separate the 
routing and forwarding functions [12]. As a result, an all-optical ASK to ASK / 
DPSK format conversion is proposed, and will be described in chapter 4. 
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1.3.3. All-optical RZ to NRZ format converter 
Ultra-fast all-optical signal processing techniques such as data format conversion 
between retum-to-zero (RZ) and non-retum-to-zero (NRZ) are expected to play 
important roles for future optical networks that will include both wavelength-division 
multiplexing (WDM) and optical time-division-multiplexing (OTDM) technologies. 
NRZ modulation format has been used in long-haul transmission systems, which is 
based on the fact that fiber dispersion, and nonlinearities and detrimental effects. The 
NRZ format requires minimum bandwidth and minimum optical peak power per bit 
interval for given average power. However, with increased bit rates it has been 
shown that RZ modulation formats offer certain advantages over NRZ, as they tend 
to be more robust against distortions. RZ format is preferred in ultra-fast OTDM 
networks because of greater timing tolerance. In order to enhance bit rate between 
network nodes for increasing the network throughput, NRZ to RZ format conversion 
is necessary. The conversion from low bit rate of NRZ signals into high bit rate of 
RZ signals becomes an important process to interface optical network with high-bit-
rate transmission systems. 
Previous work has demonstrated all-optical RZ to NRZ conversion using a nonlinear 
optical loop mirror (NOLM) [13], SOA based Mach-Zehnder interferometric [14], 
injection locked Fabry Perot laser diode (FP-LD) [15] and terahertz optical 
asymmetric demultiplexer (TOAD) [16, 17]. However, most schemes have many 
constraints such as external pulse duplicator requirement or precise fiber length for 
operating speed matching. 
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In this these, new methods are introduced and demonstrated based on SPM and XPM 
experimentally, the proposed configurations are able to generate an inverted or non-
inverted, wavelength converted or wavelength preserved NRZ output signal. 
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1.3.4. RF clock component enhancement for NRZ data 
All-optical clock recovery (CR) will be one of the key technologies in future all-
optical communication networks. Various techniques for realizing all-optical CR 
have been proposed and demonstrated. Most of these techniques are limited to all-
optical CR from a retum-to-zero (RZ) data format, which is relatively easier than all-
optical CR from a non-retum-to-zero (NRZ) data format because each pulse in RZ 
data has its own strong clock component. However, in the current optical 
communication system, non-retum-to-zero (NRZ) data is preferred because of its 
bandwidth efficiency. Nevertheless, demonstrations of all-optical CR from NRZ data 
are rare owing to implementation difficulties and, in particular, the rapid progress of 
electronic CR technology. Hence, clock extraction from the NRZ data is pre-required 
for all-optical clock recovery. 
The previously reported schemes for clock extraction from NRZ data utilized the 
gain saturation effect of a semiconductor optical amplifier (SOA) [18-20], optical 
interferometer [21，22], and injection locked Fabry Perot laser diode (FP-LD) [23]. In 
this thesis, we propose and demonstrate a simple, stable, passive, flexible and high 
speed NRZ to pseudo-retum-to-zero (PRZ) format converter based on filtering of 
SPM broadened spectrum. Its operating principle will be discussed in chapter 6. 
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1.3.5. Multi-wavelength converter with multi-channel broadcasting 
Wavelength conversion is an effective method by which to avoid wavelength 
congestion and light-path failure in DWDM networks. One attractive feature inside 
such networks is multicasting. Multicasting is the transmission of information from a 
source node to multiple destination nodes simultaneously. This feature can help to 
reduce the redundancy of bandwidth and wavelength usage. Applications such as 
teleconferencing and video distribution require the establishment of multi-channel 
broadcasting with wavelength conversion [24, 25]. 
Multicast by using an electro-absorption modulation (EAM) was described recently 
[26]，but a high power penalty was observed in the multicast channels because of the 
insertion loss of the EAM. Using injection locked Fabry Perot laser diode can also 
perform wavelength multicasting [27]，however precise wavelength matching is 
required and the wavelength separation is limited by the cavity ofFP-LD. In chapter 
7，based on technique of self-phase modulation, a simple technique for wavelength 
multicasting is proposed. It is in principle tolerant to polarization fluctuation, and no 
external light source is needed. 
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1.4. Overview 
In the thesis, we will propose and investigate several techniques and applications of 
optical nonlinearity from dispersion-shifter fiber and photonic crystal fiber that may 
be needed for future optical network. In this Chapter, we provide an overview of the 
development and needs of introduces different applications based on optical 
nonlinearity. 
Chapter 2 presents the theoretical analysis and discusses the basic phenomena of 
self-phase and cross-phase modulation in fiber. 
Chapter 3 demonstrates the configuration of extinction ratio enhancement and 
wavelength conversion based on cross-phase modulation (XPM) in a DSF. By using 
the nonlinear characteristic of XPM, unwanted signal is suppressed at output profile, 
the bit-error rate floor is successfully removed. The operation principle and the 
device performance are presented. 
Chapter 4 describes the all-optical intensity to phase modulation using XPM in fiber. 
By a simple setup, a ASK input signal is successfully converted to a DPSK output 
signal without any amplitude distortion. ASK to ASK/DPSK orthogonal signal 
conversion has also been demonstrated, for which is suitable for optical label 
encoding in future multi-protocol label switching system (MPLS). 
Chapter 5 illustrates all-optical RZ to NRZ format conversion by phase modulation 
in DSF. Simulation results illustrate the flexibility of SPM as an interface of optical 
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systems with two different modulation formats. Also, we experimentally show that 
the RZ input signal can be converted to non-inverted or inverted NRZ output by 
using SPM or XPM, respectively. 
Chapter 6 proposes and demonstrates the RF clock component enhancement scheme 
for NRZ data. By adopting the scheme of frequency chirp induction by SPM, the 
NRZ data is converted to PRZ data, which has a stronger RF clock signal and fit for 
the RZ-based all-optical clock recovery. 
Chapter 7 focuses on multi-wavelength conversion and broadcasting. By establishing 
the SPM in PCF, all-optical wavelength multicasting is performed. The setup is 
insensitive to input polarization fluctuation and no external light source is required. 
The design and device performance are presented. 
The thesis will be summarized and concluded in Chapter 8，where the possible future 
work is also included. 
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2. PRINCIPLES AND THEORIES 
This chapter reviews and explains the basic principle of different optical nonlinearity 
effects. The principles and theories governing the generation of wavelength tunable 
pulses by dispersion tuning scheme will also be introduced. 
Different kinds of signal processing are demonstrated based on the optical 
nonlinearity effect. The converted signal is obtained based on induced phase shift 
and with the control of the relative delay time between the signals. 
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2.1. Optical nonlinearity 
The response of any dielectric to light becomes nonlinear for intense electromagnetic 
fields in optical fiber. The origin of nonlinear response is related to enharmonic 
motion of bound electrons under the influence of an applied filed. As a result the 
induced polarization P from the electric dipoles is not linear in the electric field E, 
which can be mathematical expressed as follow: 
P = So k � .E + ；^(2). EE + ；^⑶.EEE + …j (2.1) 
where 8o is the vacuum permittivity and x is the susceptibility. The lowest-order 
nonlinear effects in optical fibers originate from the third-order susceptibility x � 
which is responsible for phenomena such as third harmonic generation, four-wave 
mixing, and nonlinear refraction. Nonlinear refraction, a phenomenon that refers to 
the intensity dependence of the refractive index resulting from the contribution of 
X⑶： 
P 
« = « � + " 2 7 (2.2) 
Aeff 
where no is the linear refractive index of the fiber core at low optical power levels, n2 
is know as second-order nonlinear refractive index coefficient (2.35 x lO'^ ^m^AV for 
silica), P is the optical power in Watts, Aeff is the effective area of the fiber core in 
square meters. 
It can be shown that high intensities are required to make the intensity dependent 
term comparable to the constant one. Nonlinearities can occur at reasonable powers 
of few dBm in the fiber because of long distances and small effective core area. 
Recently, photonic crystal fiber (PCF) is developed and has been commercialized, 
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due to its extremely small effective core area and, the nonlinear coefficient can even 
reach hundreds of m^/W. By using the PCF，the nonlinear devices are possible to 
become small and compact in the future. 
The intensity dependence of the refractive index leads to a large number of 
interesting nonlinear effects. The two most widely studied are self-phase modulation 
(SPM) and cross-phase modulation (XPM). This thesis focuses on these two main 
types ofnonlinearities and their applications for optical signal processing. 
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2.2. Self-phase modulation (SPM) 
SPM refers to self-induced phase sift experienced by an optical field during its 
propagation in optical fibers. When an intense optical signal propagates in fiber, its 
high power characteristic will tend to change the effective refractive index, which 
follows equation 2.1. Its magnitude can be obtained by noting that the phase of an 
optical field changes by 
f \ _ p 
冷=nkoLm = n + n^— KL^ffm (2.3) 
I �J 
, P l7t T 
<Pnl = «2 - y k f f f ^ 
. eff ^ (2.4) 
where ko = 2n/X and Leff is the effective fiber length. As the power propagate in fiber 
will decrease exponentially owing to attenuation, the effective fiber length Leff 
should be adjusted and given as: 
1 _ -oL 
Kff = — ( 2 . 5 ) 
a 
where L is the fiber length, a is the fiber attenuation coefficient. The polarization 
parameter m depends on the polarization characteristics of the fiber and the input 
signal polarization state. 
The intensity dependent nonlinear phase shift (t)NL is due to SPM. The nonlinear 
phase shift increases with the propagated distance L. The SPM not only modifies the 
phase of the intense pulse, but also broaden its optical spectra. However, there are 
not only nonlinear effects govern the propagation characteristic of optical pulses in 
fiber, but also the group velocity dispersion (GVD). SPM interacts with the 
chromatic dispersion in the fiber to change the rate at which the pulse broadens as it 
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travels in the fiber. Whereas increasing the fiber dispersion will increase the impact 
of SPM. 
SPM induced spectral broadening is a consequence of the time dependence of (|)NL. 
This can be understood by noting that a temporally varying phase implies that the 
instantaneous optical frequency differs across the pulse from its central value coq. The 
difference Aco is given by 
A 份 = 一 1 (2.6) 
dT \ ) 
The time dependence of Aco can be viewed as a frequency chirp. The chirp is induced 
by SPM and increases in magnitude continuously generated as the pulse propagates 
down the fiber. These SPM generated frequency components broaden the spectrum. 
Red-chirped part (longer wavelength) of the optical spectrum is contributed by the 
rising edge, while the blue-chirped is owing to following edge of pulses. Fig 2.2.1 
shows the temporal variation of SPM induced phase shift and frequency chirp for 
Gaussian (dashed) and super-Gaussian (solid) pulses [1]. By optical filtering, we can 
get the specific part of pulse profile. The example of signal processing application 
relies on optical filtering of SPM broaden spectrum is signal compression. 
Fig. 2.2.2 shows the schematic diagram of all-optical generator using SPM induced 
spectral broadening effect in nonlinear medium. In additional, fig. 2.2.3 shows the 
input output characteristic function of device [2]. As SPM has a nonlinear transfer 
function, it is able to perform all optical signal regeneration. Amplitude fluctuation is 
eliminated at the saturation region. 
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By using the spectrum broadening effect and the nonlinear characteristic function, 
many optical signal processing applications can be developed. In this following 
chapter, new applications based on optical nonlinear effect will be proposed. 
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Fig 2.2.1 Temporal variation of SPM-induced phase shift and frequency chirp 
for Gaussian (dashed) and super-Gaussian (solid) pulses. 
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curve regenerators) 
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2.3. Cross-phase modulation (XPM) 
When two or more optical waves co-propagate inside a fiber, they interact with each 
other through the fiber nonlinearity. This provides a coupling between the incident 
waves through the phenomenon called cross-phase modulation (XPM). XPM refers 
to the nonlinear phase shift of an optical field induced by a co-propagating field at a 
different wavelength. Its origin can be understood by noting that the total elective 
field E in equation 2.1 is given by 
E = + E,— + c.c] (2.7) 
when two optical fields at frequencies coi and CO2, polarized along the x axis, co-
propagate simultaneously inside the fiber. The nonlinear phase shift for the field at 
coi is then given by 
• 吼 = n 从 , ^ ( 2 . 8 ) 
Aeff 
where we have neglected all terms that generate polarization at frequencies other 
than coi and CO2 because of their non-phase-matched character. The two terms on the 
right hand side are due to SPM and XPM, respectively. In general, in a m channel 
optical system, the nonlinear phase shift for the jth channel depends on the power of 
that and other channels is given by: 
f M \ 
^ L j = n 从贫 (2.9) 
Aeff 
An important characteristic of XPM is that, for equally intense optical fields, the 
contribution of XPM to the nonlinear phase shift is twice compared with that of 
SPM. As SPM, XPM manifests as an alteration of the optical phase of channel. XPM 
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effect does not involve any power transfer between signals. XPM is always 
accompanied by SPM. 
For a negligible group velocity mismatch, XPM causes the pulse spectrum to 
broaden more than expected from SPM alone. The spectrum of a weak input probe 
pulse can be affected by XPM generated by a strong co-propagating pump pulse. If 
the weak input probe pulse enters the nonlinear medium after the pump pulse and has 
just time to catch up with the pump pulse, the spectrum of probe signal is broadened 
and shifted more towards the blue side, and that the pump spectrum is shifted 
towards red, because the probe signal is modulated only by the trailing edge of the 
faster pump pulse. The XPM broadening becomes symmetrical when the probe pulse 
not only catches up with but also to pass partially through the pump signal pulse. 
Therefore, it is important to control the relative time delay between the probe and 
pump signal in order to obtain the most XPM-induced broadened optical spectrum. 
Fig. 2.3.1 illustrates resultant XPM induced phase and chirp under different 
conditions [1]. 
XPM is always accompanied by SPM, it is impossible for us to adopt the XPM 
alone. But for the case when there is a continuous wave control light, we can neglect 
the spectral broadening effect by SPM, as its constant intensity characteristic only 
results in constant change of phase. 
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Fig. 2.3.1 Optical spectra (left column) and XPM-induced phase and chirp 
(right column) for a probe pulse co-propagating with a faster-moving 
pump pulse. Probe shape is shown by a dashed line. The rows 
corresponds to xd=0, 2,4 
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3. EXTINCTION RATIO ENHANCEMENT AND 
WAVELENGTH CONVERSION USING CROSS-PHASE 
MODULATION IN A DISPERSION-SHIFTED FIBER 
In this chapter, we demonstrate fiber-based signal extinction ratio (ER) enhancement 
by cross-phase modulation in a dispersion-shifted fiber. The output is obtained from 
filtering of the broadened optical spectrum. A 2.5Gb/s non-inverted RZ signal is 
obtained with an ER improvement from 3.8 dB to 8.5 dB is achieved. The bit-error-
rate floor of the input signal is removed at the output. 
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3.1. Introduction 
In the last few years, many applications of cross phase modulation (XPM) in 
dispersion-shifted fiber (DSF) have been proposed including all optical 
demultiplexing [1], WDM to OTDM multiplexer [2], wavelength converter [3], pulse 
compression and reshaping [4] and NRZ to RZ data format conversion [5]. Another 
potential application is extinction ratio (ER) improvement. A poor ER will degrade 
the system performance and even causes the bit-error-rate (BER) floors. XPM in 
DSF can act as an ER restorer which has the potential to operate at very high bit rates 
with a relatively stable and simple setup. In this work, we demonstrate simultaneous 
wavelength conversion and ER improvement by XPM in a DSF. 
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3.2. Experimental details of extinction ratio enhancement 
The experimental setup is shown in Fig. 3.1. The distributed-feedback (DFBl) laser 
diode at 1547.5 run is directly modulated to generate pulses at 2.5 GHz. The 
polarization is then optimized by polarization controller PCI, and encoded with 2.5 
GHz RZ 231-1 PRBS using an intensity modulator driven by a pattern generator. The 
signal is amplified by an erbium-doped fiber amplifier (EDFA). Another laser DFB2， 
generating continuous wave (CW) light at a wavelength 1551.4 nm, is combined 
with the input pulses via a 3 dB coupler. The combined input is then launched into 10 
km DSF with a zero dispersion wavelength at 1571 nm. The DSF is used as a 
medium to modify the phase of the input pulses by XPM, resulting in spectrum 
broadening. A tunable 1 nm band-pass filter (BPF) is placed at the output of the DSF 
to obtain the blue chirped part of the spectrum. It is then characterized using a 32 
GHz photo-detector and a digital sampling oscilloscope. Spectral measurements are 
performed using an optical spectrum analyzer with a 0.08 nm resolution bandwidth. 
2.5 Gbit/s 
NRZ PRBS I圓 t 
pp . I I 叩 ut EDFA 




DFB2 C C D 
n ( 0 ) 
O u t p u t . _ p o _ _ V W 
signal 
BPF DSF 
Fig. 3.1 Experimental setup on extinction ratio enhancement by cross phase 
modulation in a dispersion-shifted fiber. DFBl, DFB2. distributed-
feedback laser diode; PCI, PC2, polarization controller; EDFA, 
erbium-doped fiber amplifier： DSF, dispersion-shifted fiber; BPF, 
band pass fiber. 
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3.3. Result and Discussions 
Fig. 3.2 displays the optical spectra obtained at different positions in the 
experimental setup. The dashed line shows the spectrum obtained before the signals 
enter the EDFA and the DSF. Power of the CW is much higher than the input signal, 
which is used to compensate the loss in DSF. The solid line is the spectrum obtained 
after the DSF. Spectral broadening exists in both the signal and CW. The broadening 
in signal is mainly caused by the self-phase modulation (SPM) in DSF, while the 
broadening in CW is due to XPM induced by the signal. The dotted line represents 
the filtered XPM broadened spectrum with a peak wavelength of 1551.7 nm, which 
is about 0.3 nm away from the input CW wavelength. 
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Fig. 3.2 Optical spectra of input signal and CW, after the DSF, and after the BPF. 
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The eye diagrams of the RZ input signal and the filter RZ output signal are depicted 
in Fig. 3.3(a) and 3.3(b), respectively. A widely opened eye diagram of the output 
RZ signal is obtained. The ER is improved from 3.8 dB to 8.5 dB. Fig. 3.4 (a) and 
3.4 (b) shows the RZ input data pattern and the filter RZ output pattern, respectively. 
It clearly shows that the ground level is suppressed and non-inverted output is 
obtained. Fig. 3.5 illustrates the relationship between difference input ER and output. 
ER. It shows the flexibility of the system being an ER restorer as ER enhancement is 
effective for a wide range of input ER. BER measurements were made and presented 
in Fig. 3.6. It is observed that the BER floor of the input signal is removed at the 
output. 
Input ER = 10log(5.5/2.3) 
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Fig. 3.3 Eye diagrams of (a) the 2.5 GHz RZ input signal and (b) the filtered 
RZ output signal. 
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3.4. Conclusion 
We have demonstrated a simple scheme for extinction ratio enhancement and 
wavelength conversion based on cross-phase modulation in a DSF. The output signal 
is obtained by optical filtering from the broadened spectrum. The ER has been 
increased from 3.8 dB to 8.5 dB. A BER measurement is performed and the BER 
floor of the input signal is improved. 
36 
All-fiber Signal Processing Techniques Using Nonlinear Phase Modulation of Light CHAPTER 1 
References: 
1 B.-E. Olsson, D. J. Blumenthal, "All-optical demultiplexing using fiber cross-
phase modulation (XPM) and optical filtering", IEEE Photon. Technol. Lett., vol. 
13，no. 8，2001, pp. 875-877 . 
2 B. -E. Olsson, L. Rau, D. J. Blumenthal, "WDM to OTDM multiplexing using an 
ultrafast all-optical wavelength converter", IEEE Photon. Technol. Lett., vol. 13, 
no. 9，2001，pp. 1005 - 1007. 
3 W. Wang, H. N. Poulsen, L. Rau, H. F. Chou, J. E. Bowers, D. J. Blumenthal, L. 
G. Nielsen, "Regenerative 80-Gb/s fiber XPM wavelength converter using a 
hybrid Raman/EDFA gain-enhanced configuration", IEEE Photonics Technology 
Letters, vol. 15，no. 10, 2003, pp. 1416-1418. 
4 S.W. Chan, K. K. Chow, C. Shu, "Spectral filtering from a self-phase modulated 
signal for all-optical pulse compression and reshaping", IEEE LEOS 2003, vol. 1， 
Oct 2003，pp. 113-114，Tucson, AZ. 
5 S.W. Chan, K. K. Chow, C. Shu, "All-optical NRZ to RZ data conversion by 
cross-phase modulation in a dispersion-shifted fiber", OECC 2002 Tech. Dig., 
pp. 494 一 495, July 2002, Yokohama, Japan. 
37 
All-fiber Signal Processing Techniques Using Nonlinear Phase Modulation of Light CHAPTER 1 
4. ALL-OPTICAL ASK TO DPSK FORMAT CONVERSION 
DPSK format received much attention these years owning to its 3dB extra receiver 
sensitivity by using a balanced detector, and toleration to optical nonlinear effects. It 
may be widely employed and becomes important technology for future optical 
network. Thus, interface between the DPSK systems and traditional ASK systems is 
required. 
In this chapter, we first propose the usage of XPM in nonlinear fiber as an all-optical 
ASK to DPSK format converter, the configuration is first demonstrated by dispersion 
shifted fiber (DSF), and later it is repeated using photonic crystal fiber (PCF). A 
widely opened eye diagrams was obtained by a Mach-Zehnder DPSK decoder. 
In addition, we demonstrate the further utilization of this scheme to all optical 
ASK/DPSK orthogonal code modulation. The ASK/DPSK orthogonal code is 
suitable for label routing in multi-protocol label switching system. Bit-error-rate 
measurement was performed which show the feasibility of this configuration. 
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4.1. All Optical ASK to DPSK Format Conversion Using Cross-
Phase Modulation in a Non-linear Fiber 
We demonstrate all-optical amplitude-shift keying (ASK) to differential phase-shift 
keying (DPSK) format conversion using cross-phase modulation in a dispersion 
shifted fiber. A 10 Gb/s ASK signal is converted to DPSK format without pattern 
effect or amplitude distortion. The experiment is then repeated by using a photonic 
crystal fiber as a nonlinear medium. 
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4.1.1. Introduction 
Cross-phase modulation (XPM) based on fiber non-linearity is a promising technique 
for various optical signal processing processes including pulse compression and 
reshaping [1,2], wavelength conversion [3], time-division de-multiplexing [4]，WDM 
to OTDM multiplexer [5], NRZ to RZ data format conversion [6] and DPSK signal 
regeneration [7]. One potential application is amplitude-shift keying (ASK) to 
differential phase-shift keying (DPSK) format conversion. 
Differential phase-shift keying (DPSK) has attracted significant attention in research 
and development during'the last several years. DPSK systems are not only superior 
in receiver sensitivity but also more tolerant to fiber nonlinearity compare to 
amplitude-shift-keying (ASK) systems [8]. Recent reports have shown that DPSK is 
particularly suitable for long-haul transmission compared with ASK [9]. Moreover, 
some researchers found that DPSK signal is more tolerant to cross-gain modulation 
(XGM) degradation in semiconductor optical amplifier (SOA) than ASK signal [10]. 
By employing the DPSK modulation format in optical time-division-multiplexing 
(OTDM) systems, it can mitigate the pattern-induced degradation in SOA based all-
optical demultiplexers [11]. Therefore, in future optical networks, all-optical format 
conversion between ASK and DPSK may become an important interface technology. 
The simplest way for such a conversion is by means of a phase modulator. However, 
the maximum operation bit rate is limited by the particular device. 
In this chapter, we propose a high-speed ASK to DPSK format converter based on 
XPM. We first demonstrate the experiment in a dispersion shifted fiber (DSF), and 
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then repeat the experimental using photonic crystal fiber (PCF). A 10 Gb/s ASK 
signal is successfully converted to DPSK format and the output signal is detected by 
a Mach-Zehnder DPSK decoder. 
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4.1.2. Experimental Details of ASK to DPSK format conversion by 
XPM in DSF 
The experimental setup is shown in Fig. 4.1.1. A pre-coded 10 Gb/s, bits 
pseudorandom non-retum-to-zero (NRZ) data signal is assumed and generated. It is 
prepared by external modulation of a continuous wave (CW) operated distributed-
feedback (DFBl) laser diode at 1547 nm. The signal is then amplified by an erbium-
doped fiber amplifier (EDFA). Another CW light is generated by DFB2 at 1551 nm 
and is combined with the input signal using a 3 dB coupler. The combined input is 
then launched into a 10 km dispersion-shifted fiber (DSF) with a zero dispersion 
wavelength at 1557 nm. The DSF provides the medium to modify the phase of the 
input signal by XPM. Finally, a tunable band-pass filter (BPF) centered at 1551 nm 
10 Gbit/s 
NRZ PRBS innut 
丄 P • EDFA 
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[ ^ ^ i ^ ^ ^ Q ^ ^ O — • ” dB 
r Coupler 
PC2 
DFB2 ~ ^ ^ ^ ^ ^ 
r ； n ^ 
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Fig. 4.1.1 Experimental setup on ASK to DPSK format conversion using 
cross-phase modulation in a dispersion-shifted fiber. DFBl, DFB2, 
distributed-feedback laser diode; PCI, PC2, polarization 
controller; EDFA, erbium-doped fiber amplifier; DSF, dispersion-
shifted fiber; BPF, band pass fiber; MZI’ Mach-Zehnder 
interferometer. 
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is placed at the output of the DSF to filter out the probe wavelength and thus format 
conversion is obtained. In order to verify the DPSK signal, the filtered output is 
decoded by a Mach-Zehnder interferometer (MZI). The MZI provides a one-bit delay 
at one of the MZ arms before the direct detection and avoids the need for coherent 
detection. The decoded signal is then characterized using a 32 GHz photo-detector 
together with a digital sampling oscilloscope. Also, spectral measurements are 
performed at different positions in the setup using an optical spectrum analyzer with 
a 0.08 nm resolution. 
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4.1.3. Results and Discussion 
Fig. 4.1.2 shows the optical spectra obtained at different positions of the 
experimental setup. The dotted curve shows the spectrum of the combined signal 
before entering the EDFA and the DSF. The power of the CW has to be reasonably 
large to compensate for the propagation loss in the 10 km DSF. The dashed curve is 
the spectrum obtained after the signal passes through the DSF. Due to the optical 
Kerr effect in fiber, nonlinear phase modulation exists and obeys the following 
equation: [12] 
V 
As the CW light has a constant power, the self-phase modulation (SPM) effect is not 
significant. The nonlinear phase change c^w induced by XPM is directly proportional 
to the NRZ power level 
伞CW = 一 (2) 
where y is the nonlinearity coefficient of the fiber, Leff is the effective length of the 
DSF and Psignai is power of the NRZ input signal. The solid curve shows the output 
spectrum obtained after filtering without using the DPSK decoder. ASK to DPSK 
conversion is achieved as the CW light is phase modulated according to the NRZ 
power level. 
The eye diagrams of the NRZ input signal and the decoded DPSK output signal from 
the filter are depicted in Fig. 4.1.3(a) and 4.1.3(b)，respectively. A widely opened eye 
of the decoded output signal is obtained. However, the signal to noise ratio (SNR) is 
degraded due to noise added by the EDFA and the DSF. Amplitude jitter is also 
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increased due to non-balanced loss at different arms of the interferometer. To further 
enhance the output SNR, a photonic crystal fiber (PCF) can be used as the non-linear 
medium to replace the DSF. Also, we can use a low noise distributed amplifier such 
as a Raman amplifier instead of the EDFA. Furthermore, the decoded output 
performance can be improved by using an integrated waveguide decoder for a 
balanced detection. 
r Input signal & CW 
• I \ After DSF ：• 
I \ > ；I Filtered output 
— . ！ ：：' n 
•D I：： 
I • m 
•a . ,::� o I : : I 
/ • . I 
.爸 . ；Ml W I ••:� 
c I ：：' 
一 : ) \ ： 、 一 一 、 、 — 一 一 ’ 一 〜 
1545 1547 1549 1551 1553 
Wavelength (nm) 
Fig. 4.1.2 Optical spectra of the input signal and the CW light, after the DSF, 
and the filtered output. 
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Fig. 4.1.3(a) 10 Gb/s eye diagram of the NRZ input signal 
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Fig. 4.1.3(b) Eye diagram showing the output signal after the MZI DPSK decoder. 
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4.1.4. Experimental Details of ASK to DPSK format conversion by 
XPM in PCF 
Fig. 4.1.4 shows our experimental setup of format conversion. The input signal is a 
pre-coded, bits retum-to-zero (RZ) pseudorandom signal at 10 Gb/s. It is 
obtained by external modulation of a gain switched distributed-feedback (DFBl) 
laser pulse source with a pulse width of 20 ps and center wavelength at 1549.8nm. 
The signal is then amplified by an erbium-doped fiber amplifier (EDFA). Another 
continuous wave (CW) light is generated by DFB2 at 1555.7 nm and is combined 
with the input signal using a 3 dB coupler. The combined input is then launched to a 
segment of 100 m long PCF. The PCF provides the medium to modify the phase of 
the RZ input signal and CW by SPM and XPM respectively. A tunable band-pass 
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Fig. 4.1.4 Experimental setup on ASK to DPSK format conversion by cross-
phase modulation in a nonlinear photonic crystal fiber. The inset 
shows the microscopic picture of the mircrostructured region of 
the PCF. DFBl, DFB2, distributed-feedback laser diode; PCI, 
PC2, polarization controller; EDFA, erbium-doped fiber amplifier： 
PCF, photonic crystal fiber; BPF, band pass fiber; MZI, Mach-
Zehnder interferometer. 
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filter (BPP) with a 3 dB bandwidth of 0.5 nm is used to filter the probe signal and 
format conversion is obtained. In order to verify the DPSK signal, the filtered output 
is decoded by a Mach-Zehnder interferometer (MZI). The MZI provides a one-bit 
delay at one of the MZ arms before the direct detection and avoids the need for 
coherent detection. The decoded signal is then characterized using a 32 GHz photo-
detector together with a digital sampling oscilloscope. Also, spectral measurements 
are performed at different positions in the setup using an optical spectrum analyzer 
with a 0.08 nm resolution. 
The inset of Fig. 4.1.4 shows the microscopic picture of the microstructured region 
of the PCF. The PCF was supplied by Crystal Fibre A/S and has a three-fold 
symmetric hybrid core region with a core diameter of 1.5 mm. It is worth noting that 
the overall dispersion of this PCF is flat over a wide wavelength range (less than -3 
ps/(km-nm) over 1500-1600 nm) with a nonlinear coefficient of 11.2 (W-km)"^ [13]. 
The dispersion variation is less than 1 ps/(km-nm) in the range of 1465-1655 nm, 
with a dispersion slope of less than 1x10—3 ps/(km-nm^) in the 1550 nm range. Also, 
the attenuation of the fiber is less than 10 dB/km in the 1550 nm range and both ends 
are spliced to standard single-mode fiber, yielding a total loss of 2.6 dB. 
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4.1.5. Result and Discussion of XPM in PCF 
Fig. 4.1.5 shows the optical spectra obtained at different positions of the 
experimental setup. The solid curve is the spectrum of the RZ input signal with a 
peak wavelength at 1549.8 nm. The dotted line shows the spectrum of CW input. The 
long dash dotted curve is the spectrum obtained after the signal passes through the 
EDFA and PCF. The dashed curve shows the output spectrum obtained after filtering 
and the DPSK decoder. ASK to DPSK conversion is achieved as the CW light is 
phase modulated according to the RZ power level. 
The eye diagrams of the RZ input signal and the decoded DPSK output signal from 
the filter are depicted in Fig. 4.1.6(a) and 4.1.6(b), respectively. A widely opened eye 
of the decoded output signal is obtained. By replacing the regular receiver with a 
balanced detector, we can have an addition 3dB improvement in receiver sensitivity 
[14]. 
Compared with other schemes, such as XPM in SOA, XPM in fiber provides several 
advantages. This setup is flexible as there is essentially no limitation on the signal 
wavelength range. Also, the approach does not create any amplitude distortion or 
pattern effect. In addition, XPM in a PCF is an intrinsically high-speed nonlinear 
process. 
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Fig. 4.1.5 Optical spectra of input signal and CJV, after the PCF, and the 
decoded output 
I , • I 1 i 1 1  
� ^ 1|00 p i 1 ； 
.1 A I t ! I __ ：—ft.—ffW%——— 
I i 一 — � — I 
！BBIWW JWI^ W fi^SSSsS RSmO^  PH^SSPi ^ f f f l ^ � 
Time 
Fig. 4.1.6 Eye diagrams of (a) 10 Gb/s ASK input and (b) 10 Gb/s decoded 
DPSK output signal 
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4.1.6. Comparison of DSF and PCF 
In this chapter, we have proposed and demonstrated ASK to DPSK format 
conversion using XPM in DSF and PCF, respectively. The performance of DSF and 
PCF will also be discussed in this section. The following table shows the 
specifications of traditional DSF and our PCF. 
Length 10 km 64 m-
Fiber Attenuation � 0 . 2 dB/km -10 dB/km 
Effective Fiber Length -4.3 km 47.3m 
Splicing Loss -0.1 dB � 0 . 6 5 dB 
Nonlinear Coefficient � 1 . 5 - 1.8 (W-km)"' 11.2 (W-km)"^  
Dispersion Coefficient -3.5 - 3.5 ps/(km-nm) -4 - -2 ps/(km-nm) 
@ 1525nm- 1575nin @ 1465 - 1655 nm 
Dispersion Slope < 0.085 ps/(km-nm^) < IxlO"^ ps/(km-nm^) 
near dispersion zero 
Our PCF is a highly nonlinear fiber, thus we can shorten the length of fiber. In this 
chapter, we use a 10 km DSF and a 64 m PCF, the estimated nonlinearity offered by 
DSF is much higher than PCF. Therefore, the input power is pumped at an extremely 
high level in the PCF case. In order to loosen the requirement of intensity, the NRZ 
input signal format is replaced by RZ one. 
In the PCF case, the output signal is observed to have a higher stability and more 
tolerant to environment disturbances. Moreover, the timing jitter of output signal is 
much better than the output signal using DSF. It is because the accumulation of 
change of birefringence of PCF is very small, and the ultra-short fiber length offers a 
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higher output stability. In addition, as the total nonlinearity of PCF is much lower 
than DSF, this may result in lesser noise amplification during the nonlinear process. 
Apart from nonlinearity, walk off effect is also a critical parameter that needs to pay 
much attention. As the dispersion of PCF is very small over a wide range, the walk 
off between pump and probe signal in PCF is extremely small. The ultra wide band 
signal processing can be achieved easily using this fiber, whereas the wavelength 
separation of XPM in DSF needs to be carefully adjusted because of large dispersion 
variation. 
In conclusion, as the total nonlinearity of PCF and DSF is not exactly the same, it is 
not fair to make a comparison directly. However, during the experiments, it is 
observed that high nonlinear PCF can offer us many advantages such as ultra-short 
fiber, higher output stability, lower timing jitter and ultra wide band operation. The 
PCF is a promising component for future all-fiber signal processing with compact 
size which is comparable with semiconductor devices. 
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Conclusions 
We have demonstrated all optical ASK to DPSK format conversion using cross-
phase modulation in a nonlinear fiber, including dispersion shifted fiber and photonic 
crystal fiber. An open eye of a 10 Gb/s filtered output data is obtained. Compared 
with XPM in other nonlinear devices, XPM in nonlinear fiber offers a relatively 
simple and stable approach without pattern effect or amplitude distortion. The results 
are promising for ASK to DPSK format conversion in future high-speed optical 
networks 
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4.2. All Optical ASK to ASK/DPSK Orthogonal Code Format 
Conversion Using Cross-Phase Modulation in a Dispersion-
Shifted Fiber 
We demonstrate all-optical amplitude-shit-keying to orthogonal code format 
conversion using cross-phase modulation in a dispersion-shifted fiber. 2.5 Gb/s and 
10 Gb/s ASK signals are converted to ASK/DPSK format without amplitude 
distortion. The bit-error-rate proved the feasibility of this conversion scheme. 
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4.2.1. Introduction 
Cross-phase modulation (XPM) based on fiber non-linearity is a promising technique 
in optical signal processing. The technique is adopted for a large range of 
applications. Another potential application of this technique is amplitude shift keying 
(ASK) to amplitude shift keying/differential phase-shift keying (ASK/DPSK) 
orthogonal code format conversion. Optical orthogonal code (OOC) enhances the 
transmission bandwidth of network channels, which enable a large number of 
asynchronous users to transmit information efficiently and reliably. Recent reports 
have shown that ASK/DPSK is particularly suitable for future multi-protocol label 
switching (MPLS) optical network, which can simplify route lookup and separate the 
routing and forwarding functions [1]. Payload information is encapsulated to the 
label data orthogonally. In this chapter, we propose and demonstrate a high-speed 
ASK to ASK/DPSK orthogonal modulation format converter based on XPM in a 
dispersion-shifted fiber (DSF). Two ASK input signals are successfully converted to 
an orthogonally modulated signal with a 2.5 Gb/s ASK and a 10 Gb/s DPSK data. 
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4.2.2. Experimental Details of ASK to ASK/DPSK format conversion 
The experimental setup is shown in Fig. 4.2.1. One of the input signals is a 10 Gb/s, 
231-1 bits pseudorandom non-retum-to-zero (NRZ) data. It is prepared by external 
modulation of a continuous wave (CW) operated distributed-feedback (DFBl) laser 
diode at 1551.5 nm. The signal is then amplified by an erbium-doped fiber amplifier 
(EDFA) such that the power is high enough to reach the non-linear region. Another 
CW light is generated by DFB2 at 1553.1 nm and is pre-amplified by an EDFA. It is 
then encoded with 2.5 Gb/s, PRBS using an intensity modulator driven by 
pattern generator. The polarization state is then optimized by a polarization controller 
PCS. The signal is combined with the 10 Gb/s ASK signal using a 3-dB coupler. The 
combined input is then launched into a 10 km dispersion-shifted fiber (DSF) with a 
10 Gbit/s 
NRZ PRBS EDFA 
PCI I (Power-amp) 
• " V d B 
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Fig. 4.2.1 Experimental setup on ASK to ASK/DPSK format conversion using 
cross-phase modulation in a dispersion-shifted fiber. DFBl, DFBl, distributed-
feedback laser diode; PCI, PC2, PCS polarization controller; EDFA, erbium-
doped fiber amplifier： DSF, dispersion-shifted fiber; BPF, band pass fiber： MZI, 
Mach-Zehnder interferometer. 
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zero dispersion wavelength at 1571.9 nm. The DSF provides the medium to modify 
the phase of the input signal by XPM. Finally, a tunable band-pass filter (BPF) 
centered at 1553.1 nm is placed at the output of the DSF to filter out the signal. In 
order to probe the DPSK signal, the filtered output is decoded by a Mach-Zehnder 
interferometer (MZI). The MZI provides a one-bit delay at one of the MZ arms 
before the direct detection and avoids the need for coherent detection. The decoded 
signal is then characterized using a 32 GHz photo-detector together with a digital 
sampling oscilloscope. Spectral measurements are also performed at different 
positions in the setup using an optical spectrum analyzer with a 0.08 nm resolution. 
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4.2.3. Results and Discussion 
Fig. 4.2.2 shows the optical spectra obtained at different positions of the 
experimental setup. The dash-dotted curve shows the 10 Gb/s ASK input while the 
solid curve indicates the 2.5 Gb/s ASK input. The dashed curve is the spectrum 
obtained after the signal passes through the DSF. Due to the Kerr effect in fiber, the 
nonlinear phase change ^ induced by XPM is proportional to the input power level 
[2]. The dotted curve shows the output spectrum obtained after filtering. ASK to 
ASK/DPSK conversion is achieved as the 2.5 Gb/s light is phase modulated 
according to the 10 Gb/s ASK input power level. 
In order to detect the DPSK data, a limited extinction ratio (ER) of the ASK signal is 
necessary. An increase of the ER will result in a better transmission performance of 
the ASK signal but will also have a detrimental effect on the DPSK data and vice 
versa. Therefore, it is necessary to optimize the ER of the transmitted signal. The 
optimum value is around 2 dB [3]. In this experiment, an ER of 2.6 dB was chosen in 
the 2.5 Gb/s ASK and this resulted in a DPSK ER >10 dB. Fig. 4.2.3 illustrates the 
bit-error-rate (BER) measurement results on the ASK and DPSK data. Error free 
operation was observed in all cases. A power penalty of 5 dB was observed after the 
format conversion. The eye diagrams of ASK input and ASK/DPSK output signals 
are depicted in Fig. 4.2.4(a)-(d). A widely opened eye of the ASK/DPSK output 
signal is obtained. Direct detection of the DPSK data (Fig. 4.2.4b) was performed by 
the MZI with one bit period delay between its arms. The MZI was housed in a 
thermal enclosure and was temperature tuned by a thermal-electric cooler (TEC) via 
a feedback control loop. 
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Fig. 4.2.2 Optical spectra of input 10 Gb/s ASK signal, 2.5 Gb/s ASK signal, 
after the EDFA and DSF, and the filtered output. 
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Fig. 4.2.3 BER performance for (a) 10 Gb/s and (b) 2.5 Gb/s signals 
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Fig. 4.2.4 Eye diagrams of (a) 10 Gb/s ASK input signal： (b) 10 Gb/s DPSK 
output signal after the MZI DPSK decoder; (c) 2.5 Gb/s ASK input 
signal and (d) 2.5 Gb/s ASK output signal 
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4.2.4. Conclusion 
We have demonstrated all optical ASK to ASK/DPSK format conversion using 
cross-phase modulation in a dispersion-shifted fiber. BER measurements have been 
performed for both the 2.5 Gb/s ASK and the 10 Gb/s DPSK signals. The results 
indicate that our approach is applicable in interfacing communication systems using 
different modulation formats. 
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5. ALL-OPTICAL RZ TO NRZ FORMAT CONVERSION 
5.1. Introduction 
In optical time-division multiplexing (OTDM) networks, the retum-to-zero (RZ) data 
format is widely employed as it has a larger tolerance to polarization mode 
dispersion (PMD). However, NRZ format is spectrally efficient and thus is better 
suited for DWDM access and metro networks to allow a small spectral separation 
between neighboring channels. Therefore, all-optical format conversion between RZ 
and NRZ is desirable, in interfacing ultra-fast OTDM and WDM networks. The 
conversion can be realized using nonlinear optical loop mirrors (NOLM) [1,2], 
ultrafast polarization bistable vertical-cavity surface-emitting lasers [3], cross gain 
compression wavelength-shifting in semiconductor optical amplifiers (SOAs) [4], 
SOA-based interferometric devices [5-7], and injection-locked Fabry-Perot laser 
diodes (FP-LD) [8,9]. 
With the scheme of NOLM, the RZ-to-NRZ conversion can be obtained by optical-
switching. The shape of the NRZ data signal is determined by that of the switching 
window. However, this approach usually results in large amplitude ripples in the 
converted NRZ signal when the switching window is not rectangular. In the SOA-
based approaches, the performance of the converter is different under different signal 
bit rates owing to the limited carrier recovery time of the SOA. In the injection 
locked FP-LD approach, an external duplicator is required to make multiple copies of 
the input RZ pulses within one bit. 
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In this chapter, we propose both self-phase modulation (SPM) and cross-phase 
modulation (XPM) conversion scheme in dispersion-shifted fiber (DSF). In the first 
part, we demonstrate SPM in DSF can be advantageously used as a controllable RZ-
to-NRZ format converter. The setup can in principle work with different signal bit 
rates and does not require any external pulse duplicator. A power penalty of less than 
1.5 dB is obtained at 10'^  BER level in a 10 Gb/s BER measurement. 
In the second part, RZ to NRZ format conversion in XPM in DSF will be discussed. 
Recently, our group has demonstrated NRZ-to-RZ format conversion by XPM in a 
DSF [10]. With a similar setup, we further demonstrate here all-optical RZ-to-NRZ 
conversion based on XPM in a dispersion-shifted fiber (DSF). The setup can in 
principle work with different signal bit rates and does not require any external pulse 
duplicator. A power penalty of 2 dB is obtained at 10"^  BER level in a 10 Gb/s BER 
measurement. 
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5.2. All-Optical RZ to NRZ Data Format Conversion Using Spectral 
Broadening Effect in a Dispersion-Shifted Fiber 
We propose a simple and efficient approach to obtain all-optical RZ-to-NRZ data 
format conversion using self-phase modulation (SPM) in a dispersion-shifted fiber. 
By exploiting SPM induced spectral broadening together with group velocity 
dispersion in the normal regime, a 10 Gb/s retum-to-zero data signal has been 
converted to the non-retum-to-zero format. The proposed scheme can in principle 
work with different signal bit rates and does not require any external pulse 
duplicator. The 10 Gb/s bit-error-rate (BER) measurement shows a power penalty of 
less than 1.5 dB at 10'^  BER level. 
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5.2.1. Principle of RZ-to-NRZ format conversion using SPM 
SPM is often used for all-optical signal processing in a DSF. A high-power input 
signal modifies the refractive index of the fiber and thus induced a nonlinear phase 
change. The amount of nonlinear phase shift 小 is directly proportional to the input 
power and is given by [11] 
<!> = YL,ffPsi,nal � 
where y is the nonlinear coefficient of the fiber,尸signal is the power of input signal, 
and 丄eff is the effective length of the DSF. The nonlinear phase change leads to 
frequency chirp and power reallocation, hence resulting in a spectral broadening. The 
operation principle for the conversion of RZ to NRZ format is shown in Fig. 5.2.1. 
An RZ input signal is launched into a nonlinear medium and nonlinear phase 
modulation occurs due to the optical Kerr effect, which leads to both red and blue 
chirps. The red chirp is caused by the rising edge of the RZ signal, while the blue 
chirp is due to the falling edge of the RZ signal. By utilizing the dispersion together 
with SPM in the normal dispersion regime, sufficient pulse broadening occurs and 
hence RZ to NRZ format conversion can be obtained. The shape of the output NRZ 
signal is governed by the input RZ signal pulse shape, the saturation power of 
amplifier, and the nonlinear coefficient as well as the dispersion of the fiber. A 
controllable output pulse width is obtained by tuning the input power, which allows 
the proposed scheme to work with different pulse widths. To study the validation and 
the operating performance of the proposed scheme, a numerical simulation by 
Matlab is conducted. The nonlinear Schrodinger equations (NLS) are solved by using 
split step Fourier (SSF) method with the effect of fiber nonlinearity and dispersion. A 
chirped-hyperbolic secant pulse with a center wavelength at 1549nm is assumed. The 
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FWHM of the pulse is set to be 18 ps and the average power is 27 dBm. The pulse is 
assumed to propagate in a 10 km DSF with negligible fiber attenuation. 
Input signal profile: J ^ ^  
Induced chirp by SPM: ^ A V ^ ^ 
Output signal profile: j \ j \ j \ 
(Dispersion only) J V 7 \ J V 
Output signal prpfile: f \ f \ f \ 
(SPM in normal dispersion) J \ J \ J \ 
Fig. 5.2.1 Principle of the proposed RZ-to-NRZ format conversion 
Fig. 5.2.2 illustrates the initial and final pulse profile. It can be observed that 
significant pulse broadening occurs at the output under normal dispersion regime of 
the DSF. By using this characteristic, RZ to NRZ format conversion can be achieved 
at the output. Fig. 5.2.3 plots the output pulse width against different average powers 
of the input pulse. It is observed that the output pulse width increases rapidly as the 
input power increases. For a wider initial pulse, as its peak power is smaller and the 
rate of change of power are relatively slow, the rate of pulse broadening is lower 
compared with the case of a narrow initial pulse. The scheme can in principle work 
with different signal bit rates and duty cycles. 
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Fig. 5.2.2 Simulation pulse profile of the RZ input and the NRZ output signals 
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Fig. 5.2.3 Simulation results of the output pulse width as a function of the 
average power of the input data for different input pulse widths 
Input RZ signal with 18 ps pulse width 
Input RZ signal with 50 ps pulse width 
Input RZ signal with 3 ps pulse width 
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5.2.2. Experiment Details 
The experimental setup of our proposed scheme is shown in Fig. 5.2.4. A 1550 nm 
distributed-feedback (DFB) laser diode is directly modulated at 10 GHz to generate 
optical pulses. The pulses are fed to an electro-optic modulator that is driven by a 10 
Gb/s pseudorandom data from a pattern generator with a bit length of 231-1. The RZ 
data signals are then amplified by an erbium-doped fiber amplifier (EDFA) with a 
saturation power of 27 dBm followed by a 10 km DSF. A polarization controller 
(PC) is used to set the input polarization in order to optimize the SPM effect. The 
DSF serves as the nonlinear medium to modify the phase of the input data by SPM, 
resulting in spectral broadening. Finally, the spectrally broadened output passes 
through a variable optical attenuator (VOA) and is characterized using a 32 GHz 
photo-detector together with a digital sampling oscilloscope. Spectral measurements 
are performed using an optical spectrum analyzer with a 0.08 nm resolution 
bandwidth. 
® 1 0 G b / s pattern 
generator 
10 GHz 10 Gb/s 231-1 
pulses PC1 >1^  RZ signal 
" ^ — 0 0 0 ^ _ _ = 1 _ 
NRZ output EDFA 
signal ( a PC2 
BER TEST I < V O A W / A O O P J 
SET 10 km ^ 
DSF ^ 
Fig. 5.2.4 Experimental setup on RZ to NRZ data format conversion using self-
phase modulation in a dispersion-shifted fiber. DFB, distributed-
feedback laser diode; PCI, PC2, polarization controller; EDFA, 
erbium-doped fiber amplifier; DSF, dispersion-shifted fiber; VOA, 
variable optical attenuator; BER TEST SET, bit-error-rate test set. 
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5.2.3. Results and Discussion 
Fig. 5.2.5 shows the optical spectra obtained at different positions of the 
experimental setup. The solid curve shows the spectrum of the input RZ signal and 
the dotted curve is the spectrum obtained after the DSF. The result illustrates a 
significant extent of spectral broadening. The nonlinear phase shift 小 introduced by 
SPM is directly proportional to the input power. As a result of the nonlinear phase 
shift, frequency chirp is induced in the signal. A red chirp is developed at the signal 
rising edge and a blue chirp appears at the trailing edge. Hence, the signal power is 
redistributed across the optical spectrum. The stronger broadening observed in the 
long wavelength side indicates a more abrupt rising edge in the signal pulses. Fig. 
5.2.6 shows the pulse profiles at different filtered wavelengths using a tunable filter 
of 1 nm bandwidth. The results confirm that the rising edge of output signal is red-
chirped and the falling edge is blue-chirped. They also illustrate that the NRZ 
waveform is contributed by the whole spectrum, elimination of any wavelength 
components result in distortion of the NRZ waveform profile. Since the DSF has a 
dispersion zero at 1571 nm and a positive group velocity dispersion near 1550 nm, 
the red-chirped components of the input signal will propagate faster than the blue-
chirped ones. Therefore, the temporal width of the signal is broadened and data 
format conversion is obtained. Since the output pulse width depends on the input 
signal power which determines the amount of spectral broadening governed by 
Eq.(l), our approach can be optimized for RZ signals with different duty cycles 
simply by adjusting the amplification of the EDFA. 
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Fig. 5.2.6 Output pulse profile at different filtered wavelengths. 
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In order to investigate the system performance, a 10 Gb/s bit-error-rate (BER) 
measurement is performed. Fig. 5.2.7 illustrates the results of the back-to-back RZ 
and the converted NRZ signals. A power penalty of less than 1.5 dB is observed at a 
BER level of 10"^ . It is believed that such power penalty is due to the lower receiver 
sensitivity of NRZ data compared to RZ data at the same level of average received 
optical power. The eye-diagrams of the RZ input and the corresponding NRZ output 
signals are depicted in Fig. 5.2.8(a) & (b)，respectively. A widely opened eye of the 
NRZ output signal is obtained with an extinction ratio of 8.5 dB. Owing to the 
asymmetric pulse shape of the input RZ signal, the degrees of down-chirp and up-
chirp are different, resulting in non-uniform amplitudes in the NRZ output. The 
results clearly show that our approach can be used to convert the RZ input to NRZ 
output. A typical signal pattern of the input and output data stream is shown in Fig. 
5.2.9(a) & (b). The result clearly shows that our approach can be used to convert the 
RZ input to NRZ output. 
In order to suppress the amplitude ripples, an amplitude equalizer and a spectral 
width compressor can be employed. Among various methods, cross-absorption 
modulation (XAM) in an eletroabsorption modulator (EAM) is a promising 
technique to regenerate the output [12]. Since the Kerr effect is an intrinsically fast 
process, operating speeds up to hundreds of GHz should be possible for the 
conversion process. 
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Fig. 5.2.8 Eye diagrams of (a) 10 Gb/s RZ input signal and (b) 10 Gb/s NRZ 
output signal. 
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Fig. 5.2.9 Signal patterns of (a) 10 Gb/s RZ input pattern and (b) 10 Gb/s NRZ 
output. 
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5.2.4. Conclusion 
We have successfully demonstrated all-optical RZ to NRZ data format conversion 
using self-phase modulation in a dispersion-shifted fiber. The converter is based on 
spectral broadening of the intense RZ input signals that results in power reallocation 
across the spectrum. BER measurements have been performed at 10 Gb/s and a 
power penalty below 1.5 dB is obtained at 10'^  BER level. The result shows that our 
approach is promising for use in high-speed format conversion in future all-optical 
networks. 
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5.3. Spectral Filtering from a Cross-Phase Modulated Signal for RZ 
to NRZ Format and Wavelength Conversion 
All-optical retum-to-zero (RZ) to non-retum-to-zero (NRZ) format conversion has 
been demonstrated using cross-phase modulation in a dispersion-shifted fiber, which 
can in principle work with different signal bit rates and does not require any external 
pulse duplicator. The output wavelength-converted signal is obtained from filtering 
of the broadened optical spectrum. A power penalty of 2 dB is obtained at 10-9 bit-
error-rate level in a 10 Gb/s conversion experiment. 
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5.3.1. Principle of RZ to NRZ format conversion by XPM 
XPM is often used in a DSF for all-optical signal processing. The principle is based 
on the optically induced phase change by an input pump signal. The induced 
nonlinear phase change 小 of the probe signal can be expressed as [11] 
中probe ~ '^y^eff^signal (丄) 
where y is the nonlinear coefficient of the fiber, Psignai is the power of the input RZ 
signal, and Lgff is the effective length of the DSF. The nonlinear phase change leads 
to frequency chirp and power reallocation, hence resulting in a spectral broadening. 
By tuning an optical filter to extract the output at different wavelengths, different 
waveforms can be obtained and are determined by the rate of change of the input 
pump power. 
The operation principle for the conversion of RZ to NRZ format is shown in Fig. 
5.3.1. An RZ input signal and a continuous-wave (cw) probe light are launched into a 
nonlinear medium. Nonlinear phase modulation occurs due to the optical Kerr effect. 
Considering the probe light, the SPM induced spectral broadening can be neglected 
as the probe has a constant intensity. However, the XPM induced phase modulation 
is significant as it is governed by the rate of change of the input RZ signal power 
level. The nonlinear phase change leads to both red and blue chirps in the probe light. 
The red chirp is caused by the rising edge of the RZ signal, while the blue chirp is 
due to the falling edge of the RZ signal. The instantaneous wavelength remains 
unchanged only when the rate of change of the input signal power is zero. Therefore, 
the output signal can be approximated by an inverted rectangular waveform when the 
unchirped wavelength component is filtered out. The shape of the output NRZ 
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signals is governed by the input RZ signal pulse width, the bandwidth of optical filter, 
and the walk-off between the pump and the probe signal. The input RZ signal pulse 
width and the filter bandwidth jointly set a lower limit to the output pulse width, 
while the walk-off effect can control the duration of the output pulse. By adjusting 
the wavelength separation, an optimized RZ to NRZ format conversion can be 
obtained. 
Input signal profile:  
Induced chirp by XPM: y A  
Filtered output (blue-chirp): J ^ ^ 
Filtered output (red-chirp): J ^ J 
Filtered output (unchirp): “ 
Fig. 5.3.1 Principle of the proposed RZ-to-NRZ format conversion 
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5.3.2. Experiment 
The experimental setup is shown in Fig. 5.3.2. A distributed feedback (DFBl) laser 
diode at 1549.0 nm is directly modulated to generate pulses at 10 GHz. The output 
polarization is adjusted with a polarization controller PCI before the pulses are fed to 
an electro-optic modulator. A 10 Gb/s pseudorandom RZ data train with a bit length 
of 231-1 is generated. Another laser DFB2 generates cw light at a wavelength of 
1552.5 nm. The light is combined with the input data using a 3 dB coupler. The 
combined signal and cw light is then amplified by an erbium-doped fiber amplifier 
(EDFA) with a saturation power of 26.8 dBm. The amplified signal is launched into 
a 10-km DSF with a zero dispersion wavelength at 1571 nm. The DSF is used as a 
nonlinear medium to modify the phase in order to obtain spectral broadening. A 
10Gb/s pattern 
V ^ generator 
10 GHz 
pulses PC1 ^ 
D F B 1 �C C Q _ 
PC2 ^ ^ 
D F B 2 Q Q Q  
NRZ output EDFA 
signal / j 1 A 
BER TEST I < _ V y y ^ J 
s e t IpSJ 10 km ^ 
BPF DSF ^ 
Fig. 5.3.2 Experimental setup on RZ to NRZ format conversion using cross-
phase modulation in a dispersion-shifted fiber. DFBl, DFB2, 
distributed-feedback laser diode; PCI, PC2, polarization 
controller; EDFA, erbium-doped fiber amplifier; DSF, dispersion-
shifted fiber; BPF, band pass filter; BER TEST SET, bit-error-rate 
test set. 
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tunable band-pass filter (BPF) with a 3dB bandwidth of 0.08 nm is placed at the 
output of the DSF. The filtered signal is then characterized using a 32 GHz photo-
detector together with a digital sampling oscilloscope. Spectral measurements are 
performed using an optical spectrum analyzer with a resolution of 0.08 nm. 
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5.3.3. Results and Discussion 
Fig. 5.3.3 shows the optical spectra obtained at different positions in our 
experimental setup. The dashed curve shows the spectrum containing the input RZ 
signal and the cw probe. The dotted curve is obtained after spectral broadening of the 
light in the DSF. The broadening in the RZ signal is mainly caused by SPM in the 
DSF, while the broadening in the probe signal is due to XPM induced by the RZ 
signal. We retrieve the output NRZ signal by filtering out the center wavelength of 
the CW probe signal. The solid curve shows the filtered spectrum with a peak 
wavelength of 1552.5 nm. 
Input signal &CW 
- After DSF 
Filtered output 
^ • / � � . _ - " _ � , • . ’ � 9 ‘ 、’ 、： • ： • ^ t * ‘ • 
"O , ‘ -A. 
m • ’• \ :..:••�� 
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Fig. 5.3.3 Optical spectra showing the input signal (1549.0 nm) and the cw light 
(1552.5 nm) before the EDFA, after the DSF, and in the filtered 
output. 
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Fig. 5.3.4 shows the dependence of the extinction ratio (ER) of the output NRZ 
signal on the probe wavelength. In the short-wavelength side, the choice of the probe 
is limited by SPM induced spectral broadening of the input RZ signal, while in the 
long-wavelength side the choice is limited by walk-off between the signal and the 
probe. Hence, the extinction ratio shows a peak around 1552 nm. The group velocity 
dispersion and the dispersion slope at the RZ input wavelength are -1.97 ps/(nm*km) 
and 0.075 ps/(nm^*km), respectively. The amount of walk-off between the input and 
a probe at 1554 nm is 85.2ps, resulting in a degradation of the extinction ratio. 
Therefore, the probe wavelength should be chosen properly to optimize the quality of 
the converted NRZ signal. 
Fig. 5.3.5 shows the result of 10 Gb/s bit-error-rate (BER) measurement on the back-
to-back RZ and the converted NRZ signals. A power penalty of 2 dB is observed at a 
BER of 10-9. Since the average value of the received power is measured by the pin 
photodetector, the RZ signal is expected to show a higher receiver sensitivity owing 
to the confinement of energy over a shorter time interval. The eye diagrams of the 
RZ input and the NRZ output signals are depicted in Fig. 5.3.6(a) and (b), 
respectively. An opened eye of the NRZ output signal is obtained with an extinction 
ratio of 10 dB. Since the rising edge of the gain-switched pulses is more abrupt than 
the falling edge in the RZ signal, the amount of red and blue chirps are different, 
resulting in asymmetric temporal profile of the NRZ output. It is expected that the 
asymmetry can be reduced by using an optical filter with a narrower bandwidth. Fig 
6(c) and (d) show the output using an arbitrary input data pattern. The result clearly 
demonstrates that the 10 Gb/s RZ input signal has been successfully converted to bit-
inverted NRZ output. 
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Fig. 5.3.4 Dependence of the extinction ratio of the output NRZ signal on the cw 
probe wavelength. 
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Fig. 5.3.5 BER performance of the back-to-back RZ and the output NRZ signals. 
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Fig. 5.3.6 (a) Eye diagram of 10 Gb/s RZ input signal; (b) Eye diagram of 10 
Gb/s NRZ output signal; (c) 10 G/s RZ input data pattern; (d) 10 Gb/s 
NRZ output data pattern. 
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5.3.4. Conclusions 
We have demonstrated all-optical RZ to NRZ data format conversion using cross-
phase modulation in a dispersion-shifted fiber. The converter makes use of optical 
filtering from a broadened spectrum resulting from XPM induced phase changes. A 
wavelength converted and bit-inverted output NRZ signal is obtained with an 
extinction ratio over 10 dB. A 10 Gb/s measurement has been performed and a 2-dB 
power penalty is obtained at 10'^  bit-error-rate. The result shows that our approach is 
promising for use in high-speed format conversion in future all-optical networks. 
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6. ALL-OPTICAL CLOCK COMPONENT EXTRACTION 
FROM NRZ DATA SIGNALS USING SELF-PHASE 
MODULATION IN A DISPERSION-SHIFTED FIBER 
In this chapter, another application on the fiber nonlinearity is presented. All-optical 
clock component extraction from non-retum-to-zero signals is demonstrated 
experimentally based on self-phase modulation in a dispersion-shifted fiber. The 
output is obtained from filtering of the broadened optical spectrum. The output RF 
clock signal component enhance from -23.10dBm to -8.72dBm. 
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6.1. Introduction 
All-optical clock recovery is desirable for future all-optical communication 
networks. Various methods for realizing all-optical clock recovery have been 
proposed and demonstrated. However, most of the schemes are mainly focused on 
clock recovery from the retum-to-zero (RZ) signal, which consists of strong clock 
component. Clock extraction from the non-retum-to-zero (NRZ) data is pre-
requested for all-optical clock recovery as NRZ signal contains little clock 
information. Clock extraction from NRZ data can be realized by utilizing the gain 
saturation effect of a semiconductor optical amplifier (SOA) [1-3], optical 
interferometer scheme [4,5], or injection-locked Fabry Perot laser diode (FP-LD) 
[6]. For those approaches that involve active optical devices, the performance of the 
converter varies with different signal bit rates owing to the bandwidth limitation of 
the devices. In this chapter, we demonstrate NRZ to pseudo-retum-to-zero (PRZ) 
format conversion by SPM in a DSF, which has the potential to operate at very high 
bit rates with a relatively stable and simple setup. 
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6.2. Experimental Details 
Fig. 6.1 shows our experimental setup. The input signal is a 10 Gb/s, bits 
pseudorandom NRZ data. It is prepared by external modulation of a continuous wave 
(CW) operated distributed-feedback (DFBl) laser diode at 1550.45 nm. The signal is 
amplified by an erbium-doped fiber amplifier (EDFA) and is then launched into a 10 
km DSF with a zero dispersion wavelength at 1557 nm. The DSF provides the 
nonlinear medium to modify the phase of the input signal by SPM, which results in a 
frequency chirp. An isolator is used to block the reflected signal from the grating. A 
0.4 run wide grating is used to allow only the blue chirped component of the 
broadened spectrum to pass through. The output is then characterized using a 32 
GHz photo-detector and a digital sampling oscilloscope. Spectral measurements are 
performed using an optical spectrum analyzer with a 0.08 nm resolution. Also, the 
radio-frequency (RF) spectrum is measured by a RF spectrum analyzer with a 51.1 
kHz resolution. 
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Fig. 6.1 Experimental setup on clock component extraction by self-phase 
modulation in a dispersion-shifted fiber. DFB: distributed-feedback 
laser diode; PCI: polarization controller; EDFA: erbium-doped fiber 
amplifier; DSF: dispersion-shifted fiber. 
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6.3. Results and Discussion 
Fig. 6.2 shows the optical spectra obtained at different positions of the experimental 
setup. The solid curve shows the spectrum of the input NRZ signal before entering 
the EDFA and the DSF. The dashed curve is the spectrum obtained after the signal 
passes through the DSF. The nonlinear phase change results in broadening of the 
signal spectrum. Red chirp is induced by the signal rising edge and blue chirp is 
determined by the profile of the falling edge. Hence, power reallocation across the 
signal spectrum occurs and the PRZ signal can be obtained by extracting the chirped 
part of the broadened spectrum. The dotted curve in Fig. 6.2 shows the output 
spectrum after the grating, with the blue-chirped component being filtered out. 
The input and output data patterns are depicted in Fig. 6.3(a) and (b), respectively. 
The falling edge of the input NRZ signal is extracted at the output with an extinction 
ratio of 13dB. The result clearly shows that the NRZ input signal has been converted 
to PRZ format. Fig. 6.4(a) and (b) illustrate the input and output RF spectrum. It is 
observed that the power of the 10 Gb/s clock component is improved from -23.10dB 
to -8.72dB. 
93 
All-fiber Signal Processing Techniques Using Nonlinear Phase Modulation of Light CHAPTER 1 
Input Signal 
• ——After DSF 
^ . Filtered Output 
石 /、、 
§ . / \ 
}： M 
i — J 鲁 一 ： 
ik i i i i i JULifcUl l / • ^ A l H k d i l i l i a y i y 
1549.5 1550 1550.5 1551 1551.5 
Wavelength (nm) 
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6.4. Conclusion 
We have demonstrated a simple scheme for all-optical clock component extraction 
and enhancement based on self-phase modulation in a DSF. The output signal is 
obtained by optical filtering from the broadened spectrum. PRZ data is successfully 
extracted from the falling edges of NRZ data signals with 14.3 dB improvement in 
the power of the clock component. 
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7. ALL-OPTICAL WAVELENGTH MULTICASTING 
USING SELF-PHASE MODULATION IN A NONLINEAR 
PHOTONIC CRYSTAL FIBER 
In this chapter, we demonstrate fiber-based wavelength broadcasting. Using multi-
wavelength spectral filtering from a self-phase modulated retum-to-zero signal after 
a 100-m-long nonlinear photonic crystal fiber, we demonstrate a polarization-
insensitive approach for all-optical wavelength multicasting and obtain 6 self-
generated channels at 10 Gb/s. 
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7.1. Introduction 
All-optical wavelength multicasting is desirable for future optical networks owing to 
its capability of efficiently sending a stream of information from a single source node 
to multiple destination nodes. Applications such as teleconferencing and video 
distribution require the establishment of multicast connections [1]. Wavelength 
multicasting can be realized by cross-absorption modulation (XAM) in an 
eletroabsorption modulator (EAM) [2], cross-phase modulation (XPM) in a 
dispersion-shifted fiber (DSF) [3], four wave mixing (FWM) in highly-nonlinear 
fiber [4] and semiconductor optical amplifier (SOA) based Mach-Zehnder 
interferometer [5]. However, most of the schemes require external light sources and 
polarization control. In this chapter, we propose and demonstrate wavelength 
multicasting using self-phase modulation (SPM) in a nonlinear photonic crystal fiber 
(PCF) without any external pumping source. As the nonlinear refractive index of our 
PCF is polarization insensitive, the setup can in principle works with different input 
polarizations. 
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12. Simulation results 
SPM in PCF results in broadening of spectrum, this nonlinear effect has already been 
demonstrated and discussed in the previous sections. The chirped parts extract the 
rising or falling edges of the original signal. Wavelength conversion can be realized 
by SPM in nonlinear fiber together with optical filtering technique together. In order 
to further exploit its characteristic, wavelength conversion and broadcast is proposed 
and demonstrated. This section shows the simulation which has been done to verify 
the feasibility of proposed scheme, it is conducted by OptiSystem. A hyperbolic 
secant, chirp-free pseudo random signal with a center wavelength at 1549.6 run is 
assumed. The FWHM of the pulse is set to be 16 ps and saturation power of EDFA is 
set to 32dBm. The signal is assumed to propagate in a 64m PCF (112 = 2.6 x 
2 2 m AV, Aeff = 6.1575^m ) with negligible fiber attenuation. After passing through the 
PCF, a Gaussian profiled AWG with O.Snm 3dB bandwidth is used to separate the 
broadened spectrum into 6 channels. 
Fig. 7.1 shows the simulated optical spectra obtained at different positions of the 
experimental setup. The solid curve in Fig. 7.1(a) shows the input spectrum, while 
the dotted curve is the spectrum obtained after the PCF. Fig 7.1(b) shows the 
spectrum after the PCF and the six filtered output channels after the AWG. The 
dotted curve represents the broadened spectrum while the solid curves show the 
filtered channels. The simulated eye diagrams of the six output channels are depicted 
in Fig. 7.2. A widely opened eye of the output RZ signal is obtained. The simulated 
BER measurement shows in Fig. 7.3. Less than 2dB power penalty is expected in this 
scheme. The simulation results confirm the use of SPM as a wavelength broadcaster. 
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Fig. 7.1 (a) Simulated optical spectra of the input RZ signal and the signal 
after the PCF; (b) Simulated optical spectra of the signal after the 
PCF and the six filtered channels after the A WG 
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7.3. Experimental Details 
The experimental setup is shown in Fig. 7.4. The distributed-feedback (DFB) laser 
diode at 1549.5 nm is directly modulated at 10 GHz. The pulses are then encoded 
with 10 GHz 231-1 PRBS using an intensity modulator driven by a pattern generator 
to produce a retum-to-zero (RZ) signal. The signal is amplified by an erbium-doped 
fiber amplifier (EDFA) and is launched into 100-m-long PCF. The PCF is used as a 
nonlinear medium to modify the phase of the input signal by SPM, resulting in 
spectral broadening. A 4nm-arrayed waveguide grating (AWG) is connected to the 
PCF in order to slice the output spectrum into six channels with 0.8 nm wavelength 
separation. The filtered output is then characterized using a 32 GHz photo-detector 
and a digital sampling oscilloscope. Spectral measurements are performed using an 
optical spectrum analyzer with a 0.01 run resolution bandwidth. 
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Fig. 7.4 Experimental setup on wavelength multicasting by self-phase 
modulation in a nonlinear photonic crystal fiber. The inset shows the 
microstructured region of the PCF. DFBl: distributed-feedback laser 
diode; PC: polarization controller; EDFA: erbium-doped fiber 
amplifier; PCF: photonic crystal fiber; AWG: arrayed waveguide 
grating 
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7.4. Result and Discussion 
Fig. 7.5 shows the optical spectra obtained at different positions of the experimental 
setup. The dotted curve in Fig. 7.5(a) shows the spectrum obtained before the EDFA, 
while the solid curve is the spectrum obtained after the PCF. Due to the Kerr effect in 
fiber, the nonlinear phase change 小 introduced by SPM is directly proportional to the 
input power level. The dotted curve illustrates a significant extent of spectral 
broadening. The signal power is thus redistributed across the optical spectrum. Fig 
7.5(b) shows the spectrum after the PCF and the six filtered output channels after the 
AWG. The dotted curve represents the broadened spectrum while the solid curves 
show the filtered channels. 
The eye diagrams of the RZ input signal and the six output channels are depicted in 
Fig. 7.6. A widely opened eye of the output RZ signal is obtained. Both optical 
spectra and output eye diagrams match well with the simulation results. However, 
some amplitude fluctuations occur at channel 1 and 6 due to the relatively low output 
signal to noise ratios. The fluctuations can be minimized by using an input signal 
with a smaller width and a higher peak power. 
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Fig. 7.5 (a) Optical spectra of the input RZ signal and the signal after the 
PCF; (b) Optical spectra of the signal after the PCF and the six 
filtered channels after the A WG. 
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SPM in PCF is supposed to be polarization insensitive, because of small change in 
birefringence of PCF. In order to test the polarization performance of this 
configuration, a polarization scrambler is placed before the EDFA. The accumulated 
eye diagrams with and without the polarization scrambler are shown in Fig. 7.7(a) 
and (b)，respectively. An opened eye diagram can still be obtained with random input 
polarization. The degradation of jitter is mainly due to the polarization sensitive 
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Time 
Fig. 7.7 Output eye diagrams (a) of without polarization scramble; and (b) 
with polarization scramble 
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In order to investigate the system performance of our setup, a 10 Gb/s bit-error-rate 
(BER) measurement is performed. Fig. 7.9 illustrates the BER results of the back-to-
back RZ and the converted RZ signals. A power penalty of 3 to 5 dB at 10'^ BER 
level is obtained for all the channels. 
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Fig. 7.9 Plot of the bit-error-rate against the received power in a 10 Gb/s. 
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7.5. Conclusions 
In conclusion, all-optical wavelength multicasting up to 6x10 Gb/s has been 
demonstrated using SPM in a nonlinear photonic crystal fiber. The approach does not 
require any external light source or polarization control. Eye diagrams and BER 
measurements have been obtained that show the feasibility of the proposed scheme. 
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8. CONCLUSION AND FUTURE WORK 
In this chapter, we summarize the contribution of this dissertation and discuss the 
possible future works. 
8.1. Conclusion 
In conclusion, we have investigated a variety of all-optical processing devices for 
fiber communications Using Nonlinear Phase Modulation of Light. They include 
extinction ratio enhancer, all-optical ASK to DPSK, RZ to NRZ, NRZ to PRZ format 
converter, and a multi-channel broadcaster. 
Extinction ratio enhancement with wavelength conversion 
The work starts with a demonstration of all-optical extinction ratio enhancement and 
wavelength conversion using cross-phase modulation in a dispersion shifted fiber. 
The output is obtained by filtering the red-chirped part of the probe wave, which is 
0.3nm away from the peak. With the nonlinear transfer function, the amplitude 
fluctuation of a 2.5 Gb/s RZ input signal is suppressed. In addition, the output pulse 
width is compressed after the nonlinear process, and the BER floor is removed. 
All optical ASK to DPSK converter 
Chapter 4 describes and discusses the all-optical intensity to phase modulation 
function offered by XPM. It can be applied in an optical network as a ASK to DPSK 
converter, which thus provides an interface between the traditional ASK system to 
newly developed DPSK system. It can also be employed as an optical orthogonal 
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code modulator to enhance the signal bandwidth of the fiber. Bit error rate 
measurement was performed to demonstrate the system feasibility. 
All-optical RZ to NRZ format converter 
Another important application of fiber nonlinearity is in all-optical NRZ to RZ 
format conversion. Clear eye opening of an NRZ output signal is observed. The 
proposed approaches provide relatively simple and stable operation. They are 
feasible candidates for applications because they can in principle work with different 
operation speeds and duty cycles. Less than 2dB power penalties are obtained with 
the conversion processes at 10 Gb/s. 
RF clock component enhancement for NRZ data 
With the similar principle of phase modulation, all optical NRZ to PRZ format 
conversion is performed in chapter 6. By filtering out the chirped part of the 
broadened spectrum, the power at the rising edge or the falling edge of the input 
NRZ signal can be enhanced. The RF clock component of output signal has a 
significant improvement, which is suitable for all optical clock recovery system at a 
later stage. 
Multi-wavelength converter with multi-channel broadcasting 
In chapter 7, all-optical 6 x 10 Gb/s multi-channel broadcasting with wavelength 
conversion is demonstrated using self-phase modulation in a photonic crystal fiber. 
The input signal wavelength is simultaneously converted to 6 different wavelengths 
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with a 100 GHz spacing. The converted output is found to be tolerant to input 
polarization fluctuations. 
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8.2. Possible Future Work 
1. Photonic crystal fibers have aroused great interest in the optical communication 
area. Due to the large value of nonlinear refractive index, 112，the fiber provides 
low loss transmission and offers up to hundreds of times higher nonlinearity than 
the conventional silica fiber. The nonlinear phase change, and hence the 
frequency chirp, is directly related to the intensity of the control pulses, or signal 
pulses in the case of SPM. Thus, an erbium-doped fiber amplifier (EDFA) is 
usually employed to boost the control and/or signal before they are directed to the 
DSF for nonlinear interaction. Such a requirement can be relaxed with the 
adoption of a photonic crystal fiber that provides much higher fiber Kerr 
nonlinearity. With a more highly nonlinear fiber, it is possible to decrease the 
required pulse power, or to use a shorter fiber, where the dispersive walk-off 
would be less significant. The above proposed signal processing applications can 
be repeated using PCF, which can benefit the advantages of shorter fiber length, 
lower output noise and jitter. 
2. Raman amplification: the distributed gain derived from Raman amplification is 
also advantageous in maintaining the signal-to-noise ratio, as compared to the 
case of lumped amplification using an EDFA. By using the hybrid Raman/EDFA 
as a medium, the length of Leff can be increased with the same fiber length and 
the signal to noise ratio can be maintained to a high level. Recent result shows a 
negative power penalty in a regenerative wavelength conversion scheme [1]. 
Moreover, applying of Raman amplification in the PCF should be a potential 
configuration for ultra-fast signal processing. 
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3. In order to maximize the nonlinear interaction between the signal and control 
pulses, they have to be aligned to the same polarization. A relative change in the 
polarization will result in a variation of the signal output. In order to solve the 
polarization dependence problem, some research group has already proposed to 
use the twisted-DSF as the nonlinear medium, with 0.3 dB output polarization 
sensitivity [2]. As the XPM effect between the signal and probe lights becomes 
independent of the signal polarization if the probe light is kept circularly 
polarized along the fiber. Therefore, they employ a circular-polarization 
maintaining fiber, which can be obtained by twisting a fiber. Polarization 
insensitive scheme should be developed to avoid the output power fluctuation. 
4. RF-driven phase modulator has some similar properties as the present work. The 
refractive index varies with the input RF signal power. Thus, multiple sidemodes 
will be generated at the output spectrum. Some applications can be repeated 
using the sidemodes produced with an RF-driven phase modulator. Potential 
advantages of the scheme are the operation at low optical intensity, low 
dispersion, and low complexity of the setup. A number of signal processing 
applications including NRZ to RZ format conversion and wavelength 
multicasting can be easily demonstrated 
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